INTRODUCTION
The distribution and abundance of a species is influenced by many abiotic and biotic factors of the environment, including the distribution and abundance of prey. Seasonal changes in prey resources are common, but those at predictable times and locations may be especially important to predators. Seasonally aggregated prey resources can influence timing of breeding cycles, reproductive rates, body size, group size, and distribution of predators (Payne et al. 1986 , Hansen 1987 , Mehlum et al. 1996 , Ben-David 1997 , Hilderbrand et al. 1999 , Skov et al. 2000 , Swartzman & Hunt 2000 , Heyman et al. 2001 , Blundell et al. 2002 , MacLeod et al. 2004 . For most mammalian species, good body condition is critical during the energetically-demanding phases of breeding and lactation (Robbins 1983 , Gittleman & Thompson 1988 , and the availability of aggregated high-energy prey may be important in achieving good body condition and ultimately in reproductive success.
ABSTRACT: Energetic demands are high for Steller sea lions Eumetopias jubatus during spring, when females are pregnant and lactating and males are preparing for extended fasts on breeding territories. Therefore, we predicted that the distribution of sea lions in SE Alaska in spring would be influenced by the distribution of spring spawning aggregations of high-energy prey species (Pacific herring Clupea pallasii and eulachon Thaleichthys pacificus). The spatial distribution of sea lions during spring reflected the distribution of spawning eulachon in northern Southeast Alaska, particularly in Lynn Canal and along the Yakutat forelands. Haulouts with peak numbers of sea lions in spring were located significantly closer to eulachon spawning sites than haulouts that peaked at other times of year. Some haulouts were occupied only during the eulachon spawning period. The maximum number of sea lions at haulouts in spring was inversely correlated with the distance to the closest eulachon aggregation and was positively associated with the number of eulachon within 20 km. Aerial surveys conducted every 7 to 10 d during March through May in 2002 and 2003 revealed large numbers of sea lions in the water at herring spawning sites in 2002 and 2003; however, there were no significant relationships between the number of herring spawning sites and number of sea lions (except at distances > 60 km). The number of sea lions was greater at herring spawning sites in 2003, corresponding to higher herring biomass. Seasonally aggregated, high-energy prey species influence the seasonal distribution of sea lions and may be critical to their reproductive success.
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Costs of lactation for females and energetic costs associated with territorial maintenance for males are critical facets of the reproductive biology of pinnipeds. Lactation is the most costly aspect of mammalian reproduction (Gittleman & Thompson 1988) , and differences in the length of the lactation period and offspring dependency among pinniped species are probably related to the amount of energy that each species is able to store prior to parturition (Costa 1993) . For Steller sea lion Eumetopias jubatus females, foraging trips continue throughout a protracted lactation period that may range from less than 1 to 3 yr (Pitcher & Calkins 1981) . Energy requirements of dependent pups increase during late lactation, thus increasing the energetic demand upon the female (Oftedal et al. 1987) . Steller sea lions depend upon the marine environment for foraging, and they use terrestrial sites for birthing, caring for young, resting, and avoidance of aquatic predators (Bartholomew 1970 , Bonner 1984 . Thus, they are central-place foragers (Orians & Pearson 1977) while their pups are land-bound.
Productivity in the marine environment varies seasonally (Laws et al. 1988) , and seasonally predictable aggregations of prey may provide an important concentration of food for predators. Pacific salmon Oncorhynchus spp. are energy-rich anadromous fishes that spawn in rivers along the North Pacific rim (Groot & Margolis 1991), attracting numerous avian and mammalian predators (Willson & Halupka 1995 , Willson et al. 1998 , Gende et al. 2001 . Also important are other energy-rich fishes, such as Pacific herring Clupea pallasii, capelin Mallotus villosus, Pacific sand lance Ammodytes hexapterus, northern lampfish Stenobrachius leucopsarus, and eulachon Thaleichthys pacificus. All these fish species occur seasonally in the diet of Steller sea lions in Alaska (Pitcher 1981 , Sinclair & Zeppelin 2002 , but little is known about their life history, spawning patterns, and distribution in Alaska, with the exception of herring (Rounsefell 1930 , Rounsefell & Dalgreen 1935 , Carlson 1980 . These seasonally abundant, energy-rich forage fish are critical to the biology of many predators (Springer 1992 , Skov et al. 2000 , Bishop & Green 2001 , Litzow et al. 2002 , Marston et al. 2002 , Rodway et al. 2003 . Of the several species of forage fishes, extensive information is available only for Pacific herring and eulachon spawning sites in SE Alaska, and this study focuses on these species.
Although several previous observations have noted pinnipeds aggregating at concentrations of forage fishes in the north Pacific (Bigg 1988 , Gende et al. 2001 , Marston et al. 2002 , no studies have specifically addressed the possible ecological importance of ephemeral concentrations of energy-rich prey fishes as it relates to Steller sea lion life-history. Spring spawning aggregations of forage fishes may be important to Steller sea lion ecology for several reasons. First, energetic demands are high for sea lions during spring when females are pregnant and lactating and males are preparing for extended fasts on their breeding territories (Winship et al. 2002 . Second, spring spawning aggregations generally occur at relatively predictable sites and times. Third, herring and eulachon are densely aggregated in spring and are high in lipid content and energy density (Perez 1994 , Anthony et al. 2000 , Iverson et al. 2002 . Therefore, spawning aggregations of eulachon and herring may be of substantial seasonal significance to the nutrition and energy budgets of sea lions when energy demands are at a peak. Under the hypothesis that aggregations of spring-spawning forage fishes are important to the reproductive ecology of Steller sea lions in SE Alaska (SEAK), we predicted that the spatial distribution of sea lions in spring would reflect the distribution of such eulachon and herring aggregations.
The objectives of this study were to provide insight into the seasonal foraging ecology of sea lions by (1) determining the seasonal distribution of sea lions at haulouts in spring, (2) documenting the numbers of sea lions at spring spawning aggregations of herring and eulachon in SE Alaska, and (3) relating the distribution of sea lions to herring and eulachon aggregations. Specifically, we tested the following predictions: (1) Haulouts with peak numbers of sea lions in spring are closer to herring and eulachon aggregations than haulouts with peak numbers at other times of year; (2) the number of sea lions at haulouts in spring is inversely correlated with the distance to the closest herring and eulachon spawning aggregation; (3) the number of sea lions at haulouts in spring is correlated with the number of herring and eulachon spawning aggregations within a limited radius based on foragingtrip distances of sea lions; (4) the number of sea lions observed at spawning aggregations is correlated with the estimated biomass of spawning fishes. . Along the Yakutat forelands, 2 haulout sites were surveyed, between February and May only, by the US Forest Service (Bill Lucey, Yakutat Ranger District, Yakutat, Alaska, pers. comm.) Photographic slides of haulouts were taken using a 35 mm auto-focus camera (Nikon 8008S) equipped with a 70 to 210 mm zoom lens and an auto-focus digital camera (Nikon D1X) equipped with a 70 to 300 mm zoom lens. Overlapping photographs were taken if more than 1 photograph was needed to count sea lions at each haulout.
MATERIALS AND METHODS
Seasonal distribution of
The clearest slide image was projected onto white paper, and each sea lion was marked and counted twice by an experienced counter using a hand-held tally counter. Digital photographic images were stored on digital media cards and later downloaded to a computer. The clearest digital image of each group was imported into geographic information system (GIS) software and each image was counted twice.
Number of Steller sea lions in water at eulachon and herring aggregations. During the spawning season of herring and eulachon (March to May) in 2002 and 2003, we counted sea lions visible on the surface of the water at spring spawning aggregations of Pacific herring and eulachon (Fig. 2) . Aerial surveys were conducted as for monthly surveys, but at an altitude of 316 m.
During 2002, Pacific herring and eulachon spawning sites in NSEAK were surveyed 3 to 5 times during the spawning season at approximately 7 to 10 d intervals; however, sites south of Sumner Strait in southern SE Alaska (SSEAK) were surveyed only once. During 2003, all sites in NSEAK and SSEAK were surveyed 3 to 5 times. We attempted to enumerate all sea lions at herring and eulachon spawning sites; transects were flown parallel to the shoreline approximately 200 m offshore. When sea lions were detected at the surface of the water, we circled them and took photographs. If sea lions were diving (a dive usually lasts from 60 to 90 s), we circled until all sea lions were at the surface. For eulachon spawning sites, we surveyed the entire shoreline of the estuary/bay associated with the river where eulachon spawn. For herring, the entire shoreline associated with herring spawn was surveyed. We assumed fishes were present if we observed (1) commercial and/or subsistence fishing activity, (2) fish schools, (3) spawn/milt on the surface of the water (for herring only), or (4) presence of avian predator aggregations.
Geographical ecology: geographical information system (GIS) database. To synthesize the geographical ecology of Steller sea lions, herring and eulachon, all known current sea lion haulouts in the study area were compiled from observations and a database from the National Marine Fisheries Service. Location and timing of herring and eulachon aggregations were obtained from Alaska Department of Fish & Game and unpublished sources. These data were incorporated into a database and imported into a GIS software package. A map was created with coverages of Steller sea lion haulouts ( Fig. 1) , herring spawning locations, and eulachon spawning locations (Fig. 2) .
The GIS database was used to determine the distance between Steller sea lion haulout sites and Pacific herring and eulachon spring spawning sites. In particular, we determined (1) swimming distance from sea lion haulouts to the closest eulachon and herring aggregation; (2) number of herring and eulachon spawning aggregations within a swimming distance of 20, 40, 60, 80, and 100 km. These distances were based on the range of distances that sea lions may travel on a foraging trip from a haulout (Merrick & Loughlin 1997 , Loughlin et al. 2003 , Raum-Suryan et al. 2004 . Seasonal haulout classification. The seasonal use of haulouts was determined by examining the monthly counts of Steller sea lions. We classified haulouts according to seasonal patterns of occupation. Some haulouts peaked in more than 1 season. A peak in number of sea lions was defined as a count that was at least 80% of the maximum count of sea lions at a haulout for that year. We also tried values of 70 and 90% of the maximum count of sea lions, and found little difference in the outcome. Seasons were defined as winter (December to February), spring (March to May), summer (June to August), and fall (September to November). The haulouts were classified as Spring Peak Haulouts (peak numbers of sea lions during spring), Spring Ephemeral Haulout (only occupied by sea lions during spring), other haulouts (peak numbers of sea lions in summer, fall or winter).
Fish biomass estimation. Herring biomass was determined from spawn deposition surveys in areas in which commercial herring fisheries were monitored during the spring-spawning season of 2002 and 2003 (K. Hebert, unpubl . data, Alaska Department of Fish and Game). The spawn deposition methods combined SCUBA diver estimates of herring egg deposition, estimates of total area receiving spawn, and average fecundity to derive an estimate of herring spawning biomass (Pritchett & Hebert 2003) .
Biomass data were not available for eulachon spawning sites in SE Alaska, with the exception of Berners Bay (Sigler et al. 2004) .
Statistical analyses. For parametric analyses, data were square root-transformed when they did not meet equal variance and normality assumptions of analysis of variance (ANOVA) (Zar 1999) . A Spearman rank-order correlation coefficient (Siegel & Castellan 1988 ) was used to determine the association between (1) the maximum number of sea lions and the minimum distance to eulachon and herring aggregations and (2) the number of forage fish aggregations within designated distances of sea lion haulouts.
To determine if the sea lion count data were spatially auto-correlated, we examined whether nearby haulouts were more closely related than distant haulouts (e.g. Sullivan 1991 ). Data on maximum sea lion counts were examined for both 2002 and 2003 . For all pair-wise combinations of haulout locations, the squared difference of maximum sea lion count and the inter-pair distance were computed. The squared difference was averaged by a 10 nautical mile (n mile) length interval (the variogram) and plotted versus inter-pair distance. Distance between haulouts was not a significant predictor of the average squared difference between maximum sea lion counts. Therefore, we concluded that the sea lion count data were not spatially correlated at the scale of the 10 n mile length intervals (2002, linear regression, p = 0.47, df = 9; 2003, linear regression, p = 0.90, df = 9) .
RESULTS
Seasonal distribution of Steller sea lions
The distribution of sea lions at haulouts varied seasonally. Some sea lion haulouts were only occupied seasonally, whereas other sites were occupied yearround but with peak numbers of sea lions during certain seasons (Table 1, Fig. 3 ).
274 Spatial relationships between sea lion haulouts and forage fish aggregations Prediction 1: haulout type versus distance to closest eulachon and herring aggregation. Spring peak haulouts were located significantly closer to eulachon spawning sites than haulouts that peaked at other times of year (ANOVA, 2001: F 1,22 = 5.92, p = 0.024; 2002: F 1,23 = 8.13, p = 0.009). Spring peak haulouts were located on average 28.0 ± 9.01 km from the closest eulachon spawning site (Fig. 4) . Spring ephemeral haulouts at Berners Bay, Alsek, Akwe, and Dorothy were occupied only in spring near eulachon runs. Haulouts that peaked at other times of year were located on average 70.63 ± 6.95 km from the closest eulachon spawning site (Fig. 4) . However, the distance to herring spawning sites was not significantly different between spring peak and other peak haulouts (ANOVA, 2001: F 1,22 = 1.25; p = 0.28; 2002: F 1,22 = 0.73, p = 0.401). Spring peak haulouts were located on average 37.4 ± 7.6 km from the closest herring spawning site whereas haulouts that peaked at other times of year were located 26.33 ± 3.64 km from the closest herring spawning site (Fig. 4) . (Table 2 ). However, this relationship reflects only an association with eulachon spawning sites, because there was little association with the number of herring spawning sites except at distances greater than 60 km (Table 2) .
Steller sea lions in water at spring-spawning fish aggregations
The sea lions in the water during spring at the spawning aggregations of herring and eulachon were counted. The numerical response of sea lions to eulachon spawning sites was much greater in NSEAK than in SSEAK. (Fig. 6) . Sea lions attended herring spawning sites in NSEAK and SSEAK. At most herring spawning sites, the maximum number of sea lions observed was greater in 2003 than in 2002, corresponding to higher herring biomass at 4 of the spawning sites (Fig. 7) . Herring spawning sites at Craig, Sitka, and Seymour attracted more than 200 sea lions in both years. Tenakee, Hoonah Sound, and Hobart herring spawning sites had 50 to 199 sea lions present (Fig. 7A) .
Prediction 4: number of sea lions versus herring biomass. Although sea lions were recorded in the water at herring spawning sites in NSEAK and SSEAK, the correlation between the maximum number of sea lions (square-root) and the (log) biomass of herring was only marginally significant (r 2 = 0.23, n = 14, p = 0.08) (Fig. 8) .
DISCUSSION
Sea lion distribution in relation to eulachon spawning sites
The spatial distribution of sea lions during spring clearly reflects the distribution of spawning eulachon in NSEAK, particularly in Lynn Canal and along the Yakutat forelands. Sea lions were concentrated near spawning runs and in areas with a high density of spawning runs. In some cases, haulouts (i.e. Alsek, Dorothy, Berners Bay and Akwe) were occupied only during the time of a nearby eulachon spawning run. Similarly in British Columbia at Sands Head near the mouth of the Fraser River, sea lions were observed only in spring between late March and late May from 1978 to 1982, which coincided with eulachon entering the Fraser River to spawn (Bigg 1988) .
The concentration of sea lions in these areas reduced the travel distance to the spawning runs and thus decreased foraging costs for sea lions. Use of haulouts close to rich prey resources allows females with dependent pups to conserve travel energy and allocate more resources to pups (Boyd 1998 ). In addition, using haulout sites close to rich prey resources may allow dependent young to accompany their mothers to sea, as the average distance traveled by sea lion pups less than 9 mo olds was ≤15 km in SE Alaska (RaumSuryan et al. 2004 ). Use of haulouts closest to spawning runs also permits better tracking of the arrival and departure of the temporary and localized prey. The pulsed nature of eulachon runs makes the spawning period difficult to detect, and sea lions move to haulouts and raft in areas close to eulachon spawning sites.
However, as evident from Fig. 5 , some haulouts were not located close to spawning runs, thus suggesting that some sea lions are not responding to the runs. They may be exploiting other unassessed prey resources. It is also possible that non-breeding individuals are less likely to capitalize on spawning runs than breeding individuals.
In Lynn Canal on April 18, 2002, approximately 4% (949 sea lions) of the estimated sea lion population of SE Alaska was observed in Berners Bay at a eulachon spawning aggregation. On the same day there were an additional 1244 sea lions at the 3 haulout sites in Lynn Canal within 60 km of Berners Bay. It is probable that sea lions using these haulout sites during this time period are also visiting the eulachon spawning aggregation at Berners Bay and so may account for as much as 10% of the estimated sea lion population in SE Alaska (Sigler et al. 2004 ). On April 21, 2003, 5.5% of the estimated sea lion population of SE Alaska was found at Berners Bay and at haulouts within 60 km (Sigler et al. 2004 ). The total number of sea lions attending the runs may be considerably larger. It is likely that there is turnover in the number of sea lions visiting the eulachon spawning sites, as they may return to haulouts to provision their pups. Although sea lions were numerous at eulachon spawning sites in NSEAK, few were detected at eulachon spawning sites in SSEAK. There are several possible explanations for this. Eulachon runs in SSEAK may not be as large as those in NSEAK; however, there are currently no data available for eulachon biomass in SE Alaska, with the exception of Berners Bay (Sigler et al. 2004 ). In addition, some bays in NSEAK have more than one river used by spawning eulachon, and thus potentially a greater concentration of eulachon for predators to exploit. In some areas such as Berners Bay, additional forage fish species including Pacific herring and capelin spawn in the bay during spring. Finally, in some areas in British Columbia near the southern border of SSEAK, the size of eulachon spawning runs has decreased and industrial trawl fish- eries have been developed (Hay et al. 1996) that have the potential to diminish the biomass of fish available to predators.
Sea lion distribution in relation to herring spawning sites
In contrast to the observed responses to eulachon runs, sea lions were not observed to congregate at haulouts near herring spawning aggregations. However, large numbers of sea lions were observed in the water at herring spawning sites in 2002 and 2003, although there were no significant relationships between the number of herring spawning sites and numbers of sea lions except at distances > 60 km, which is probably not biologically meaningful. These concentrations of sea lions were associated (marginally significant) with estimates of herring biomass. Furthermore, annual differences in the number of sea lions observed corresponded to annual differences in herring biomass, particularly in some locations (Sitka Sound, Craig, Hoonah Sound and Hobart) .
Herring appear to be an important prey resource for sea lions in spring, as evidenced by the number of sea lions counted in the water at herring spawning sites, but they are important in fall and winter in some areas (Thomas & Thorne 2001) . Herring was the most frequent prey item in sea lion scat during winter at Benjamin Island in SE Alaska, from 2001 to 2003 (88.9% frequency of occurrence; n = 678 scat samples) (Womble & Sigler unpubl. data) . The importance of herring in the diet of sea lions throughout the fall and winter in some areas may explain the lack of observed associations between sea lion numbers and herring spawning sites. If sea lions are exploiting herring throughout the winter, it may not be advantageous to change haulout locations during the spring spawning season, since herring form high-density aggregations during fall for up to 6 mo of the year (Thomas & Thorne 2001) . Although the energy density and fat content of herring decreases in spring prior to the spawning season (Paul et al. 1998) , herring are still higher in energy content than other species such as pollock (Iverson et al. 2002) .
Other seasonal prey resources
Other seasonal prey species, such as Pacific salmon, provide high-energy resources at other times of year and may influence the distribution of sea lions. For example, the total number of sea lions in Frederick Sound increased during July, August, and September (J. Womble unpubl. data) and coincided with the return of pink salmon Oncorhynchus gorbuscha to the area. Frederick Sound is one of the main migratory corridors for pink salmon returning to SEAK spawning grounds in July and August (Heard 1991) . Energy densities of salmon are higher after oceanic feeding than after entry into fresh water (Hendry & Berg 1999) , thereby providing seasonally available high-energy prey to sea lions.
Detecting seasonal pulses in sea lion distribution and diet
Although seasonal changes in the distribution and abundance of sea lions have been documented (Bonnot 1951 , Bartholomew & Boolootian 1960 , Kenyon & Rice 1961 , Mathisen & Lopp 1963 , Smith 1972 , Mate 1975 , Harestad 1977 , Sullivan 1980 , Calkins & Pitcher 1982 , Bigg 1988 , previous efforts have focused predominantly on the breeding season. Documenting the abundance of Steller sea lions in the breeding season is important; however, elucidating seasonal shifts in abundance and distribution is also im- portant as it relates to life-history characteristics of sea lions and their prey species. The availability, concentration, and energy density of prey species changes seasonally, so some fish species may be more valuable to exploit than others at particular times of year (Jangaard 1974 , Montevecchi & Piatt 1984 , Mårtensson et al. 1996 , Iverson et al. 2002 . Furthermore, data on seasonal shifts in sea lion abundance are important in furthering our understanding and interpretation of annual trends in the abundance of sea lions (Bigg 1988) . Traditional methods of determining the presence of prey species in pinniped diets, such as scat analysis, may not be sufficient to detect pulsed prey resources. Eulachon probably comprise an important prey species for sea lions in spring but they are not a commonly detected prey species in sea lion scat during the breeding season , Sinclair & Zeppelin 2002 , and dietary studies during the breeding season would not reflect the seasonal importance of eulachon. At Benjamin Island, eulachon were found in only 8.6% of scat samples collected quarterly from 2001 to 2003; however, their frequency was greatest in April (19.0% frequency of occurrence; n = 152 scat samples) and corresponded to the spring-spawning season of eulachon (J. Womble & M. Sigler unpubl. data). Furthermore, when Steller sea lions aggregate at the eulachon and herring spawning sites in spring, they do not return to haulout sites regularly but often raft up, rest, and defecate in the water near the spawning site, so even weekly scat collection at haulouts during the spring may not reflect the importance of this seasonally pulsed prey in the diet. In addition, prey species with small otoliths, such as eulachon and capelin, may be underestimated in the diet when consumed together with large species such as pollock (Tolitt et al. 2003) . Thus, scat collections should be used in combination with other methods such as fatty acid (Iverson et al. 1997 ) and stable isotope analysis (Kurle 2002) and should be conducted frequently enough to determine the presence of seasonally pulsed prey, such as eulachon. 
Implications of spring-spawning fish aggregations for Steller sea lions
To meet the energetic demands of the costly otariid reproductive strategy, using haulouts that are close to high-density, high-energy prey resources is advantageous during spring, an energetically demanding time for sea lions. Foraging at spring spawning fish aggregations should allow Steller sea lion males to arrive at rookeries in good body condition. Larger, more fit males are likely to successfully defend territories for longer periods of time (Boyd & Duck 1991) and mate with more females, thus increasing their reproductive success (Bartholomew 1970) . Females nursing a dependent pup may need to consume twice the energy that a female without a pup would require (Winship et al. 2002) and may be pregnant and simultaneously nursing a pup during spring. Good body condition for females prior to the breeding season is critical for sea lions to give birth to healthy pups and to have the ability to nourish their young for an extended lactation period. Pitcher et al. (1998) found that the probability of a female sea lion being pregnant during late gestation was positively related to body condition, including mass and blubber index. Thus access to high-energy prey resources during late gestation may be critical for successful reproduction in female sea lions. Ultimately, seasonally aggregated, high-energy prey species, particularly eulachon, influence the seasonal distribution of sea lions in some areas of SEAK. To further our understanding of the importance of seasonally pulsed resources to sea lion life history, it will be necessary to examine body condition, foraging costs, and fitness directly.
